exchange chromatography on Mono Q-Sepharose (Pharmacia Biotech Inc., Piscataway, New Jersey, USA) as described (15) . Radiolabeling was performed with Na 125 I (Amersham Life Sciences Inc., Arlington Heights, Illinois, USA) using immobilized chloramine T (IodoBeads; Pierce Chemical Co., Rockford, Illinois, USA) as described (16) . Fusion proteins (FPs) consisting of CD36 and glutathione S-transferase (GST) have been described previously (17) . Recombinant TSP peptides were a gift of Jeffrey Laurence (Weill Medical College of Cornell University). HRGP was purified from human plasma by lys-plasminogen affinity chromatography as described (6) . Purified proteins were incubated with polymyxin B-coated agarose (Sigma Chemical Co., St. Louis, Missouri, USA) to remove any potentially contaminating LPS before use in cellular assays. Specific rabbit Ab to CSVTCG was generated by subcutaneous immunization with keyhole limpet hemocyanin-coupled peptide. IgG was purified from serum by protein A chromatography (Pierce Chemical Co.). Bovine heparin was purchased from Sigma Chemical Co.
Amino acid sequence alignment. Sequence homology analysis was performed using BLAST-enhanced alignment utility search (BEAUTY, SIM, ALIGN, and LALIGN) via search engines accessed through http://dot.imgen.bcm.tmc.edu (18, 19) .
Cell culture. Human dermal microvascular ECs (HMVECs) were purchased from Cascade Biologics Inc. (Portland, Oregon, USA) and maintained in Medium 131 with 5% commercial Microvascular Growth Supplement (MVGS). CD36 expression, which was confirmed by flow cytometric analysis using a murine anti-human CD36 mAb (FA6) and a fluorescein-conjugated goat anti-mouse IgG (PharMingen, San Diego, California, USA), was maintained through passage 5 . ELISA was performed as described (6) . Briefly, TSP-1 (4 µg/ml) in coating buffer (0.5 M sodium carbonate, pH 9.6) was applied to microtiter plates (Becton Dickinson Immunocytometry Systems, Lincoln Park, New Jersey, USA) for 3 hours at 37°C. In some assays, plates were coated with murine mAb to TSP clone 11.4 (15) in carbonate buffer overnight, then washed with wash buffer (0.05% Tween in 20 mM Tris, and 150 mM NaCl, pH 7.5) and incubated with TSP-1 (4 µg/ml) for 2 hours (16) . Plates were then washed with wash buffer (0.05% Tween in 20 mM Tris with 150 mM NaCl, pH 7.5) and blocked for 1 hour at 37°C with 1% BSA in Tris-Tween. Varying amounts of HRGP with and without peptide were added, and plates were incubated for 18 hours at 4°C. After washing, alkaline phosphatase-conjugated anti-HRGP or nonimmune rabbit Fab′2 was added. This was incubated for 3 hours at 37°C, after which p-nitrophenyl phosphate substrate was added and OD was read in a microplate reader at 405 nm (Molecular Devices Corp., Menlo Park, California, USA).
Solid-phase binding assays were performed as described (16) . Briefly, HRGP in carbonate buffer was immobilized on 96-well strips (Immulon 4 Removawell; Dynatech Laboratories Inc., Burlington, Massachusetts, USA) overnight at 4°C. After blocking with 1% BSA, 125 I-TSP-1 was incubated in the presence of varying concentrations of CD36 FP in triplicate, and bound radioactivity was quantified on a gamma counter. Nonspecific binding was determined by carrying out binding in the presence of excess unlabeled ligand.
Tube formation assay. Early passage (passage 2 or passage 3) HMVECs in 0.2% MVGS were grown on 150 µl of Matrigel (Becton Dickinson Labware, Bedford, Massachusetts, USA) on 48-well plates at 3 × 10 4 cells per well. Reagents were added and cells were incubated in an atmosphere of 5% CO 2 at 37°C for 24 hours, then photographed. Images were scanned and the number of branched structures was counted using Scion Image software (Scion Corp., Frederick, Maryland, USA).
EC chemotaxis assays were performed as described using a modified Boyden chamber with 8-µm gelatincoated membranes (20) . Briefly, confluent flasks of HMVECs were grown in 0.1% MVGS overnight, and plated at 3 × 10 4 cells per well on a gelatinized porous membrane (Osmonics Inc., Minnetonka, Minnesota, USA). Reagents were added to wells, and cells were allowed to migrate in an atmosphere of 5% CO 2 at 37°C for 4 hours. Membranes were stained, and the number of migrating cells was counted. Results were expressed as the percentage of cells migrating toward
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Figure 1
The bFGF (38-137 cells per 10 high-power fields) minus the number of cells migrating in the absence of bFGF (4-14 cells per 10 high-power fields). In vivo Matrigel plug assays were performed as described (21) . Briefly, 500 µl of Matrigel mixed with bFGF (10 ng/ml), TSP-1 (100 ng/ml), and/or HRGP (50 ng/ml) was injected subcutaneously near the abdominal midline of C57BL/6 mice. Gels were removed after 10 days, fixed in 1% paraformaldehyde, and embedded in paraffin. Blocks were then sectioned, and stained with hematoxylin and eosin.
Immunohistochemistry. Immunohistochemistry of Matrigel specimens was performed on unstained sections using an anti-human von Willebrand factor (vWF) IgG (DAKO A/S, Glostrup, Denmark) or isotype-matched control (Sigma Chemical Co.) and a biotin-streptavidin-peroxidase Ab and development system (Vector Laboratories Inc., Burlingame, California, USA) as described (22) . Specimens were counterstained with Mayer's hematoxylin (InnoGenex, San Ramon, California, USA). After scanning, the degree of angiogenesis was determined by counts of vWF-positive blood vessels using Scion Image. For breast tissue, frozen sections of freshly obtained human breast carcinoma were incubated with rabbit Ab to HRGP or CSVTCG, murine mAb to TSP, or isotype-matched controls (Sigma Chemical Co.), and developed as above.
Corneal angiogenesis assays. Pellets composed of hydron (Hydro Med Sciences, Cranbury, New Jersey, USA) and sucralfate (Teva Pharmaceuticals, North Wales, Pennsylvania, USA) were mixed with proteins or growth factors, and were prepared and implanted as described (23) into the corneas of wild-type C57BL/6 mice or CD36-null mice backcrossed four times to C57BL/6 mice. After 5 days, eyes were viewed under a dissecting microscope and photographed with a Sony DKC-1000 digital camera. The area of neovascularization was calculated by measuring vessel length from limbus toward the pellet, and the number of clock hours of vascularization, as described (24, 25) . Studies were approved by the Institutional Animal Use Committee of Weill Medical College of Cornell University.
Results
The type 1 repeat of TSP-1 mediates binding to HRGP. Previous studies have shown that HRGP binds to TSP-1 saturably, reversibly, and with high affinity (7 nM) (6). We performed binding studies in the presence of peptides derived from the second and third type I repeats, regions to which the antiangiogenic activity of TSP-1 has been localized (26) . As shown in Figure 1 , HRGP binding to TSP-1 was inhibited by the peptide CSVTCG, but not by scrambled peptide. A CSVTCGcontaining peptide from the third type 1 repeat had similar inhibitory activity, but mutated peptides with substitution of alanine for the cysteine residues in the CSVTCG motif did not inhibit HRGP binding to TSP-1. Binding studies were repeated using TSP-1 bound to immobilized anti-TSP Ab with equivalent results. As an additional control, we measured the binding of plasminogen to TSP-1, and found that plasminogen binding was not inhibited by the CSVTCG peptide, indicating that this interaction was not mediated by the type I repeats.
As further evidence for the specificity of this binding activity, we found that binding of HRGP to TSP-1 was not inhibited by peptides derived from the TGF-β binding sequence (GGWSHW), heparin-binding sequence (SHWSPWSS), the COOH-terminal domain (RFYVVMWK), or an RGDS peptide derived from the type 3 repeats. Recent data has shown that a GVQXR motif, located toward the COOH-terminus relative to the CSVTCG motif in the type I repeats, with an additional similar GVQXR sequence in the procollagen domain, binds to CD36 and contains antiangiogenic activity (13, 27) . In our studies, the peptide DGVTRIR from the second type I repeat inhibited TSP-1-HRGP binding, suggesting that HRGP may compete with CD36 for binding of both CSVTCG and flanking sequence. However, an alanine-substituted peptide derived from the third type I repeat (9) , which also contained the flanking COOH-terminal sequence GVQKR, had minimal inhibitory activity, suggesting that the cysteine residues in the type I repeat are essential for the interaction of TSP-1 with HRGP.
Although the heparin-binding domain of TSP-1 was recently reported to bind polyhistidine motifs (28), we found that HRGP binding to TSP-1 was not inhibited by the addition of heparin. Studies done at both pH 7.4 and pH 7.0, at which HRGP optimally binds heparin, showed that 90% of maximal binding of HRGP to TSP-1 was seen in the presence of 100 µg/ml heparin, corroborating our previous findings (6) . As further evidence that the TSP-1-HRGP interaction is mediated by the TSP type I repeats, we found that binding of radiolabeled HRGP to TSP-1 that had been resolved on SDS-PAGE and transferred to nitrocellulose was significantly decreased in the presence of anti-CSVTCG antiserum, and was completely abolished by the CSVTCG peptide (50 µM; not shown).
TSP-1 and HRGP colocalize in vivo.
To determine if there is in vivo evidence for TSP-1-HRGP interactions, we performed immunohistochemical studies on serial sections of human breast cancer specimens. TSP-1 is abundantly expressed in breast tissue, particularly in the stroma and the basement membrane associated with malignant ductal epithelium (6, (29) (30) (31) . We used a murine mAb to TSP-1 and a rabbit polyclonal anti-HRGP Ab to determine the localization of TSP-1 and HRGP. As shown in To explore whether the TSP type 1 repeat is involved in TSP-1-HRGP interactions in the breast cancer stroma, we developed a specific Ab to the CSVTCG peptide. The antiserum was reactive to plasmodium falciparum circumsporozoite protein (known to contain the peptide), and to purified TSP-1, by Western blot (not shown). Figure 2 shows that the CSVTCG epitope was detectable intracellularly in the breast cancer cells where TSP-1 was detectable but HRGP was absent (Figure 2f ). However, in the tumor stroma where HRGP colocalized with TSP-1 (Figure 2e) , there was no detectable CSVTCG reactivity. This provides evidence that TSP-1 associates with HRGP in vivo, and that this interaction masks the type I epitope of TSP-1.
HRGP contains CLESH-1 homology motifs. We have previously demonstrated that the binding site for TSP-1 on CD36 and other proteins is defined by homologous, evolutionarily conserved amino acid motifs known as CLESH-1 (17, 32, 33) . As shown in Figure 3 , sequence alignments of deduced amino acid sequences of HRGP identified a region (amino acids 443-517) with significant homology to the CLESH-1 domain of CD36 and the CD36-related protein lysosomal integral membrane protein II (LIMP-II) (31% identity, 74% similarity) (32) . Additional repeating motifs were also identified, including amino acids 173-231 (20% identity, 70% similarity). We predicted, therefore, that a CLESH-1 recognition sequence mediates the interaction of HRGP with TSP-1, and that HRGP can interfere with the binding of TSP-1 to CD36.
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The We next performed solid-phase assays in which we measured the binding of radiolabeled TSP-1 to HRGP. As shown in Figure 4 , 125 I-TSP-1 binding to HRGP was inhibited by increasing concentrations of CD36 FP93-120, a CD36-GST fusion protein that has been shown to bind to TSP-1 (13, 17) . Similar concentrations of GST alone or CD36 FP298-439 (neither of which binds TSP-1) had no effect.
HRGP inhibits the antiangiogenic activity of TSP-1. The process of angiogenesis requires distinct cellular activities, including migration, proliferation, and differentiation of ECs into capillaries. TSP-1 inhibits EC differentiation in response to multiple angiogenic stimuli (11) . We have shown that the antiangiogenic activity of TSP-1 is mediated by interaction of the type I TSP repeat with CD36, its high-affinity receptor on microvascular ECs (13) . Because the type I repeat also mediates the interaction of TSP-1 with HRGP, we studied the effect of HRGP on angiogenesis. We measured migration of CD36-expressing microvascular ECs toward bFGF. As shown in Figure 5 , the addition of TSP-1 inhibited bFGF-induced migration of ECs. The addition of HRGP inhibited the antichemotactic effect of TSP-1, restoring migration to a level that was 70-80% of that seen with bFGF alone. As a model for endothelial differentiation, we studied branched tube formation in Matrigel. As shown by others (13), we found that 2 nM TSP-1 inhibited bFGF-induced (2 ng/ml) tube formation by CD36-expressing microvascular ECs grown on Matrigel under low serum concentrations. The addition of 15 nM HRGP restored tube formation to 88 ± 11% of tubes per high-power field seen in EC treated with bFGF alone. HRGP alone, however, did not directly induce tube formation (not shown).
To explore whether HRGP blocks the antiangiogenic activity of TSP-1 in vivo, we performed the corneal angiogenesis assay in which hydron/sucralfate pellets containing bFGF, TSP-1, and/or HRGP were implanted in the corneas of C57BL/6 mice. After 5 days, vigorous outgrowth of blood vessels was seen in 13 of 13 eyes implanted with pellets containing 50 ng bFGF, and in only 2 of 11 eyes implanted with pellets containing both bFGF and TSP-1 (200 ng) ( Figure 6 ). In mice implanted with pellets containing bFGF, TSP-1, and HRGP (100 ng, HRGP/TSP-1 molar ratio 3:1), angiogenesis was seen in 10 of 10 eyes (P = 0.02, χ-square analysis), with an area of neovascularization that was 82.5% that seen with bFGF alone (Table 1) . Similar results were obtained when HRGP was added in a pellet separate from bFGF and TSP-1.
Although HRGP alone did not induce angiogenesis in corneal pocket assays, the angiogenic activity of bFGF was significantly increased in the presence of HRGP. As seen in Figure 7 , 50 ng HRGP increased the potency of lower concentrations of bFGF, resulting in significantly larger areas of neovascularization at 2.5-10 ng bFGF. Also shown in Figure 7 is the result of experiments demonstrating that HRGP did not affect sensitivity to low concentrations of bFGF in CD36-null mice. In fact, the dose-response curve of bFGF in wild-type mice in the presence of HRGP was similar to that seen with bFGF alone in the CD36-null mice. These observations suggest that the increased sensitivity to bFGF in the CD36-null mice, and in wild-type mice in the presence of HRGP, is due to loss of endoge- nous antiangiogenic activity mediated by TSP-1 or TSP-1-like ligands for the antiangiogenic receptor CD36. As expected, TSP-1 did not inhibit bFGFinduced angiogenesis in the CD36-null mice, confirming our previous findings (12) and providing further evidence that CD36 is necessary for the antiangiogenic activity of TSP-1.
These results were confirmed in an in vivo angiogenesis assay in which Matrigel impregnated with angiogenic growth factors was injected subcutaneously near the abdominal midline of mice. The resulting pellet was removed after 10 days, processed, and stained for histologic examination and blood vessel counts. As shown in Figure 8 , we found that TSP-1 inhibited bFGF-induced blood vessel formation (14 ± 8% of blood vessels/mm 2 seen with bFGF), and that HRGP inhibited the antiangiogenic effect of TSP-1 (80 ± 13%). These data demonstrate a physiologic role for HRGP in the modulation of the antiangiogenic activity of TSP-1 in two distinct in vivo angiogenesis models.
Discussion
The process of angiogenesis requires intricate control to allow for normal development and wound healing, and may lead to the progression and metastasis of tumors. Tumor masses that remain dormant and undetectable for years may suddenly acquire the ability to promote neovascularization, a process that has been termed "angiogenic switch" (34) . Studies in murine models show that inhibition of angiogenesis may lead to regression of large tumor masses, suggesting that tumor angiogenesis is a dynamic process (35) .
Recent attention has therefore focused on the identification and characterization of natural inhibitors of angiogenesis and their receptors, which provide attractive targets for therapeutic intervention.
Although several specific inhibitors of angiogenesis have been described, many of which have been found to be fragments of larger extracellular matrix-associated proteins (7, 36) , TSP-1 is the only one for which a receptor-ligand interaction has been well characterized. The chymotrypsin-resistant core of TSP-1, consisting of several properdin-like type I repeats, retains the antiangiogenic capacity of the intact molecule. Synthetic peptides derived from the type I domains have also been found to have potent antiangiogenic activity in vivo and in assays of EC function. Although TSP-1 interacts with a number of proteins, its antiangiogenic activity in vitro and in vivo is mediated by the glycoprotein receptor CD36 (12, 13) . Inhibition of the TSP-1-CD36 interaction with a blocking Ab to TSP-1 has been shown to lead to more rapid re-endothelialization in a post-angioplasty setting, a process similar mechanistically to angiogenesis (37) .
Although a number of interactions have been reported for HRGP, no in vivo physiologic function has been described previously for this abundant plasma protein. The structure of HRGP is unique, consisting of a number of discrete domains, including two cystatin-like domains at the NH 2 -terminus, a histidine-rich region, and two proline-rich domains (38) .We have identified two regions in HRGP with significant homology to the TSP-1 binding site of CD36. These regions, known as CLESH-1 motifs, are conserved among members of the CD36 gene family and other TSP-1 binding proteins. Our studies show that binding of HRGP to TSP-1 was mediated by the TSP type I repeats, the same sequence motifs responsible for antiangiogenic activity and CD36 binding. We demonstrated that HRGP inhibited the antiangiogenic activity of TSP-1 in vivo, and that HRGP augmented response to low doses of bFGF in a CD36-dependent manner, suggesting that HRGP antagonizes the effect of endogenous TSP-1.
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The We therefore propose a model of the inhibition of the antiangiogenic effect of TSP-1 by HRGP (Figure 9) . Interaction of the type I repeats of TSP-1 with the CLESH-1 domain of CD36 leads to a cascade of signaling events mediated by CD36. HRGP can interfere with the interaction of TSP-1 with CD36, and may therefore be a natural modulator of angiogenesis. The activity of HRGP may provide a mechanism by which tumors escape or become resistant to the antiangiogenic effects of TSP-1.
Previously described interactions of HRGP support the hypothesis that HRGP is an important modulator of angiogenesis. Because the binding of HRGP to heparin is pH dependent and increases at lower pH, circulating HRGP may bind to glycosaminoglycans in matrix or on the surface of ECs, especially in areas of relative hypoxia and low pH. HRGP in the matrix may also enhance angiogenesis by increasing fibrinolytic activity. Immobilized HRGP on a metal substrate (4) or in a trimolecular complex with TSP-1 and plasminogen accelerates plasminogen activation by tissue plasminogen activator. The rate of plasmin generation from the trimolecular complex was greater than from a bimolecular complex of TSPplasminogen, suggesting an important interaction of HRGP with plasminogen when both are complexed to TSP (39) . Therefore, the organization of a protein complex in the matrix may play an important role in the regulation of proteolytic activity, and HRGP may serve as a natural, circulating mediator of the angiogenic switch.
Angiogenesis is particularly relevant to the pathogenesis of breast cancer. The degree of angiogenesis in breast cancer specimens has been shown to correlate with the rate of metastasis, and the level of angiogenesis in breast cancers has been shown to be an independent prognostic factor (40, 41) . Primary human breast cancer cells express a number of proangiogenic factors such as bFGF and vascular endothelial growth factor, and TSP has long been known to be localized in the basement membrane and desmoplastic stroma of malignant breast epithelium (31) . Using immunohistochemical studies of human breast cancer specimens, we found that HRGP colocalized with TSP-1 in the tumor matrix, and that this interaction masked the antiangiogenic epitope of TSP-1. Therefore, in areas where TSP-1 is an important inhibitor of angiogenesis, HRGP could serve as a modulator of TSP-1 activity, promoting angiogenesis. The biologic impact of these interactions may vary in different tumors as a consequence of the matrix components. Elucidation of these relationships may lead to new modalities of anticancer therapy. 
Figure 9
Model: HRGP inhibits the antiangiogenic effect of TSP-1. Angiogenesis induced by bFGF (left) is inhibited by TSP-1 through the interaction of the TSP type I repeat with the CLESH-1 domain of the signaling receptor CD36 (center). HRGP, which also contains the CLESH-1 motif, binds TSP-1, inhibiting the interaction of TSP-1 with CD36, thereby inhibiting the antiangiogenic effect of TSP-1 (right).
